Abstract -The excess power index (integrating body dry mass, thorax-to-body dry mass and wing surface area) was compared in drones of seven Asian Apis species. There are two statistically distinct groups of drones: drones of the dwarf honeybees form one class, all other Asian species belong to the second. Drones of dwarf honeybees have a 36% ergonomic advantage in power availability and 20% advantage in available excess power over all other drones. Comparisons of flight dimensions between conspecific workers and drones show a highly statistically significant sexual dimorphism for flight. Although drones of all seven tested species are always bigger than their workers their excess power index is some 15% better. It is suggested that prowess of flight in drones is driven by the need to compete and mate with queens flying high in the air while worker bees forage nectar and pollen on flowers.
INTRODUCTION
While the honeybee thorax powers flight, substantial differences in the ratio of flight engine mass (thorax) to that of fuselage (whole body) have large aerodynamic effects on flight. As a consequence and from dimensional considerations alone, ultimate flight capacity depends on the maximum excess power available to a honeybee over that required to maintain equilibrium in steady level flight (Hepburn et al., 1998a, b) . As it transpires, from an engineering perspective, worker honeybees of the Asian species of Apis L. comprise three design classes based on wing loading, engine size and excess power index (Radloff et al., 2001) .
Worker and drone honeybees are both strong flyers but all they share in common on the wing are those flights associated with cleansing, swarming and absconding (Koeniger, 1991) . Worker flight is mainly directed towards short distance foraging and carrying home extra and relatively heavy loads (nectar and pollen); drone flight to longer distance congregation areas. Given the generally high levels of polyandry in honeybees and that a drone can mate but once, drones must be under severe selective pressure for aerodynamic prowess in the mating comets which have been observed in A. cerana, A. koschevnikovi and A. dorsata (Gries, 1997) . Thus the drone flight mechanism is of interest to considerations of conspecific sexual dimorphism for flight (in a swarming or absconding context) but particularly in the context of mating. We report the results of analyses of these variables for several Asian honeybee species.
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MATERIALS AND METHODS

Samples
Drone honeybees were collected in southeast Asia and preserved in ethanol for subsequent analysis. The species examined and the numbers of colonies and individuals measured (given in brackets) are as follows: A. cerana Fabr. . dorsata and A. d. binghami) . The drones were dissected to remove their hindguts because gut contents of fed bees may greatly distort weight values. Dry weight values of the hindguts for starved bees were previously shown to contribute about 10% of total dry body mass in different subspecies of honeybees (Hepburn et al., 1998a, b) and were simply omitted from further calculations. The drones were then cut to separate the thorax from the head and abdomen after which all parts were weighed when they achieved constant dry mass. The wings of each drone were projected on a digitizing tablet and scanned to measure total surface area.
Excess power index
The excess power index (EPI) is defined as (r 2 /W) where W is the wing loading and r is the ratio of the thorax mass to total mass (Hepburn et al., 1998a (Hepburn et al., , b, 1999 . All calculations are based on constant dry mass values. A note of caution pertains to "engine mass": whole thoracic mass is treated as "engine mass" because the indirect flight muscles and the elastic cuticle operate together to power flight.
Data processing
The non-parametric Kruskal-Wallis procedure was used to test for significant differences in whole body mass, thorax mass, wing surface area, body mass ratio, wing loading and EPI colony means between the seven species because all these characteristics of flight failed tests of normality (Kolmogorov-Smirnov tests, P < 0.01). Pairwise multiple comparisons between species were tested by means of Mann-Whitney U tests with Bonferroni adjustments to the level of significance. The MannWhitney U procedure was also used for testing flight dimension differences between drones and workers.
RESULTS
The results of the dimensional analysis of flight for honeybee drones include the means for total body mass, thorax mass, thorax-tobody mass ratio, wing surface area, wing loading and the excess power index (Tab. I). Tests for the comparisons of means showed significant differences among the species. There is a nearly four-fold difference in total body mass (dry weight) between the smallest (A. andreniformis and A. florea) and largest (A. dorsata Flight design of Asian honeybee drones 355 and A. d. binghami) drones. Moreover, the drones can be grouped into four fairly distinct total body mass groups. Thoracic dry mass varied just over three-fold and for this parameter the drones can also be divided into four statistically distinct groups (Tab. I).
The dimensional effects of these whole body and thoracic mass differences are clearly reflected in the "engine-to-aircraft" mass ratios. Those bees with the greatest engine to body mass are the smallest, A. andreniformis, followed by a group consisting of A. cerana, A. florea, A. nigrocincta, A. dorsata, A. d. binghami, and lastly A. koschevnikovi (Tab. I) . Nonetheless the thorax/body mass ratio varies by only 15% across the drones (0.52 in A. koschevnikovi and 0.61 in A. andreniformis). The deviation from a mean ratio for all drones is only about 2% for all species except A. andreniformis and A. koschevnikovi (8%).
In the case of total wing surface area the drones vary by over 50% (63 mm 2 in A. cerana to 138 mm 2 in A. d. binghami). For this variable the drones form three statistical classes, the two giant bees (A. dorsata and A. d. binghami) , A. koschevnikovi alone, and all the other species form the third class (Tab. I). Thus, changes in wing surface area among drones of different sizes scale vary differently from that of mass. These scaling differences are inevitably reflected in wing loading values; but, because loading is a ratio, statistical class differences are reduced and only two groups emerge from the analysis. The two dwarf bee drones, A. andreniformis and A. florea, have significantly lower wing loadings than the other five species. In terms of generating aerodynamic lift, this confers a 36% advantage in power availability to the dwarf drones.
The final ratio, the excess power index is a complex number encompassing all of the dimensions considered in one final product. In this analysis the EPI reflects only dimensional considerations but ultimately flight capacity must include combustion efficiency, horsepower and various kinematic properties of flight. In any event, differences in scaling come together with the EPI. For excess power there are two distinct groups of drones, the dwarf A. andreniformis and A. florea in one class and all others in a second class (Tab. I). Solely taking dimensions, the dwarf drones have a 20% advantage over the other drones in available excess power.
Comparisons of flight dimensions between conspecific workers and drones show that there is a highly statistically significant sexual dimorphism in characteristics related to flight (Tab. II, data from Radloff et al., 2001) . Analyzing the species separately, with the single exception of A. koschevnikovi, all other conspecific workers and drones differ significantly from each other for EPI. There were no significant differences between workers and drones of A. dorsata and A. d. binghami for body mass and thoracic mass and no significant differences between workers and drones of A. dorsata and A. koschevnikovi for thorax/ body mass ratio. These differences are summarized using mean values in Table III . Radloff et al. (2001) . # Number of homogeneous groups of species found when using post-hoc multiple comparisons of means between species (Tab. I).
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For thoracic mass, whole body mass, and wing surface area the workers show a sevenfold variation against a three-fold one for the drones. As for the thorax/whole body mass ratio, the workers with the highest values (A. cerana and A. dorsata, 0.53, Radloff et al., 2001) are only just on par with the drones with the lowest values (A. koschevnikovi). On average the drones have an energetically more economical wing loading ratio than do the workers. Coupled to the mass ratios, this results in the drones having a significantly enhanced final excess power index compared to workers, the former being 15% more economical. So although drones of all seven species are always bigger and heavier than their conspecific workers, they have correspondingly larger wing surface areas and hence lower wing loading and higher excess power indices than the worker bees (Tab. II).
DISCUSSION
Several factors may affect aerodynamic efficiency of honeybee flight, among them, variable body proportions, differences in mass specific flight metabolism (Coelho and Mitton, 1988; Harrison et al., 1996) , ratios of direct and indirect muscle to thoracic skeleton (Dulta and Verma, 1987) and size and altitude . The excess power index assumes that all honeybee flight muscle is of equal combustion capacity per unit mass of muscle and that all bees fly at the same air density. Flight may be further modified by changes in wingbeat frequency, wing bending and angle of attack and other kinematic properties (Nachtigall, 1989 et seq.) . Because few of the above factors have been quantified for drones, we have simplified the assumptions by holding them constant for purposes of discussion.
Assuming that the bees are flying under constant conditions, honeybee flight would be relatively insensitive to small differences in air density based on the low Reynolds numbers (Hepburn et al., 1998a, b) . Thus, the excess power index can only be varied by changing the thorax/body mass ratio, improving wing loading or, a combination of both. With the exception of dwarf A. andreniformis, thorax/ body mass ratio is virtually constant in the other six species of drones so that the excess power index can only be improved by varying wing loading. These factors are reflected in the final excess power index values for which there are only two statistically distinct classes of drones, the highly efficient drones of the dwarf bees, A. andreniformis and A. florea in one class and the other species in a separate group (Tab. I).
Although it would be desirable to compare queen and drone flight in terms of sexual dimorphism, information on characteristics related to queen flight is not available. However, the difference in flight dimensions between conspecific drones and workers is so striking (Tab. II) that it invites speculations as to possible explanations for superior aerodynamic design in drone flight. Clearly, the primary function of drone flight is directed towards mating. Mating systems in honeybees are currently of considerable interest and now flying ability can be added to such debates (Koeniger et al., 2000; Palmer and Oldroyd, 2000) .
If it is accepted on a priori grounds that there must be strong selective pressure on drones through competition to mate, then it is plausible that part of this pressure is directed to flight prowess in congregation areas. Flying ability must not be confused with speed as such. An ergonomically higher excess power index essentially provides reduced flight cost per unit time-which equates to the possibility of enhanced duration of flight. It appears to us that drones are evidently well designed from an ergonomic perspective. Because these inferences could be labeled as "adaptionist" speculations, another hypothesis is that workers were moulded by selection but drones retained their ancestral sizes (Ruttner, 1988) . While these ideas are by no means mutually exclusive; it would be difficult to dismiss selective pressure on drone flight prowess when the odds of their possible success in a congregation area are considered.
Résumé -Comparaison des caractères de vol des mâles d'abeilles domestiques asiatiques.
Chez les abeilles asiatiques du genre Apis, les ouvrières sont réparties en trois classes de caractères de vol basées sur la charge alaire, la taille du « moteur » et l'indice de réserve de puissance EPI (Radloff et al., 2001 
